Nucleotide sequences of the envelope protein genes of 19 geographically and temporally distinct dengue (DEN)-4 viruses were determined. Nucleic acid sequence comparison revealed that the identity among the DEN-4 viruses was greater than 92 %. Similarity among deduced amino acids was between 96 and 100 % ; in most cases identical amino acid substitutions occurred among viruses from similar geographical regions. Alignment of nucleic acid sequences followed by parsimony analysis generated phylogenetic trees, which indicated that geographically independent evolution of DEN-4 viruses had occurred. DEN-4 viruses were separated into two genetically distinct subtypes (genotypes). Genotype-1 contains viruses from the Philippines, Thailand and Sri Lanka ; genotype-2 consists of viruses from Indonesia, Tahiti, the Caribbean Islands (Puerto Rico, Dominica) and Central and South America.
Dengue viruses (family Flaviviridae, genus Flavivirus) are single-stranded plus-sense RNA viruses that are the aetiological agents of dengue fever (DF) and dengue haemorrhagic fever\dengue shock syndrome (DHF\DSS) in humans. These viruses are transmitted between humans primarily by Aedes aegypti mosquitoes and are currently endemic throughout most tropical areas of the world (Gubler, 1991) . Epidemics of DF occurred irregularly during the first half of the 20th century. However, after World War II epidemic DHF emerged in Southeast Asia and has subsequently spread to the Pacific Islands and the Americas (Gubler, 1988 ; Henchal & Putnak, 1990) .
Dengue viruses are serologically classified into four antigenically distinct serotypes (DEN-1, DEN-2, DEN-3 and DEN-4). In most cases, infection results in a mild, self-limiting febrile illness (DF). However, some dengue virus infections result in vascular and haemostatic abnormalities, which may Author for correspondence : Robert S. Lanciotti.
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progress to haemorrhage and shock (DHF\DSS). The precise mechanism(s) by which dengue viruses cause severe haemorrhagic disease is not well understood. One theory suggests that severe disease results from secondary infection with a heterologous dengue serotype virus (Halstead, 1988) . This model postulates that circulating antibodies to the primary infecting virus can bind to the heterologous secondary infecting virus and enhance virus infection of mononuclear cells. An alternative explanation postulates that the increase in worldwide transmission of dengue virus in the past 50 years has elevated the rate of virus evolution, resulting in the generation of more virulent or epidemic strains (Rosen, 1977 ; Zanotto, 1996) . Laboratory data support both hypotheses, and it is likely that both mechanisms are involved in producing epidemics of severe disease .
Previous studies of dengue virus evolution have described the extent of molecular evolution within DEN-1, DEN-2, DEN-3 and DEN-4 serotypes (Blok et al., 1989 (Blok et al., , 1991 RicoHesse, 1990 ; Lewis et al., 1993 ; Lanciotti et al., 1994 ; Chungue (Lanciotti et al., 1994) . Strain variation among DEN-4 viruses was first reported by Henchal et al. (1986) . DEN-4 viruses isolated from the Caribbean region could be distinguished from prototype DEN-4 virus (H-241, Philippines 1956) by both a plaque-reduction neutralization (PRNT) assay and RNA fingerprinting. RNA fingerprinting data also suggested that Caribbean DEN-4 viruses were related to DEN-4 viruses isolated from the Pacific islands 1 year prior to the Caribbean epidemic (Henchal et al., 1986) . A phylogenetic tree constructed by analysis of 179 nucleotides from the 5h end of the E gene of 28 DEN-4 viruses generated one genotype using 6 % divergence as the cut-off value (Chungue et al., 1995) . In this report we extend these studies to phylogenetic analysis of the entire E gene and demonstrate the existence of two genotypes of DEN-4 viruses.
The DEN-4 viruses analysed in this study (Table 1) were obtained from the collection at the Division of Vector-Borne Infectious Diseases. Viral RNA was extracted from either culture media virus from infected C6\36 cells or from infected Toxorhynchites mosquitoes, using the acid-guanidine isothiocyanate procedure previously described (Lanciotti et al., 1992) . The DEN-4 oligonucleotide primers used in the amplification and sequencing protocols were designed with the aid of the OLIGO program (National Biosciences, Plymouth, Minn., USA), utilizing the published DEN-4 sequence (Zhao et al., 1986) . The entire E gene of the DEN-4 viruses was selectively amplified using RT-PCR. Two primer pairs, D4742 (5h TGGGATTGGAAACAAGAGCTGAGACATGGATGT-C 3h) and D4CP1838 (5h CGTGTATGACATTCCCTTG-ATTCTCAATTTCTCCA 3h), and D41236 (5h GGGTGG-GGCAATGGCTGTGGCTTGTTTGG 3h) and D4CP2536 (5h GGGGACTCTGGTTGAAATTTGTACTGTTCTGTCCA 3h) were used in separate reactions to generate two overlapping double-stranded DNA products covering this E protein region. All reagents and amplification conditions were identical to those previously described (Lanciotti et al., 1994) . DNA fragments generated in the RT-PCR reaction were purified by agarose gel electrophoresis, followed by silica gel adsorption and elution (Gene-Clean ; Bio 101). Both strands of the purified cDNAs were sequenced by using primers spaced approximately every 400 bases with the Taq DyeDeoxy Terminator Cycle sequencing kit (Applied Biosystems). Cycle sequencing parameters were exactly as described in the manufacturer's protocol.
Overlapping nucleic acid sequences obtained from individual sequencing reactions were combined for analysis and edited using the DNASTAR program (Madison, Wis., USA).
Nucleic acid sequences of the entire E gene of 19 DEN-4 viruses shown in Table 1 were submitted to GenBank. Sequence identity among all the DEN-4 viruses ranged from 92n9 to 98n0 %. Sequence identity among viruses within a genotype was 96n5 and 98n4 % for genotype-1 and -2, respectively. The identity between genotypes ranged from 92n9 to 94n0%.
The deduced amino acid sequences of the entire E gene along with the N-terminal 50 amino acids of the M protein from 19 DEN-4 viruses are shown in Fig. 1 (a) . Also shown are the corresponding amino acid sequences of the previously published DEN-1, DEN-2, DEN-3 and DEN-4 E genes (Zhao et al., 1986 ; Mason et al., 1987 ; Duebel et al., 1990 ; Lanciotti et al., 1994) . The majority of nucleotide substitutions were in the third reading frame, resulting in approximately 12 % of the nucleotide substitutions leading to amino acid changes. The E protein sequence of geographically diverse DEN-4 strains is highly conserved, with an amino acid similarity of at least 97 %. The 12 cysteine residues utilized in disulfide bridge formation of the E protein are conserved for all DEN-4 viruses. The glycine-rich putative fusion domain of flaviviruses (located between amino acids 98-111 in the E protein), which is universally conserved among DEN-2 and DEN-3 viruses, is not conserved among all DEN-4 viruses. Six DEN-4 viruses (Philippines 1956 , Thailand 1978 , Sri Lanka 1978 , El Salvador 1994 , Indonesia 1973 and Thailand 1963 ) have a Phe Leu amino acid substitution at position 108 of the E protein. The Indonesia 1973 DEN-4 virus also possesses a Lys Glu substitution in this domain at position 110. The predicted Nlinked glycosylation site at position 67 is conserved among all DEN-4 viruses ; however, the second putative glycosylation site at amino acid position 153 is abrogated in three DEN-4 viruses (Thailand 1963 , Indonesia 1973 and Dominica 1981 . Whether both of these sites are glycosylated in the DEN-4 E protein is not known.
The published nucleotide sequence of the E gene of the Dominica DEN-4 virus (Fig. 1 a, Dominica 1981 -pub) appears to have several deletions when compared to the remaining DEN-4 viruses. A single C residue is absent in the published sequence of the E gene at position 560, which results in a frame-shift when compared to the other 19 DEN-4 viruses. This frame-shift results in five amino acid changes in the Dominica virus E protein with respect to the other 19 DEN-4 viruses ( Fig. 1 a, amino acids 188-192) . A T residue in position 573 of the E gene of the Dominica virus, which is absent in the other 19 DEN-4 viruses, restores the proper reading frame. In addition, three nucleotides at position 1271-1273 (GGG) are absent in the Dominica virus, which results in a deleted glycine residue at amino acid position 374 in the E protein. Because of these discrepancies, the entire E gene of the Dominica 1981 Den-4 virus was sequenced again in this study and included in Fig. 1 (a, Dominica 1981-seq95) .
The rate of evolution of the E gene of DEN-4 viruses was derived by linear regression analysis as described by Buonagurio et al. (1986) for the analysis of influenza viruses. For the Philippines DEN-4 viruses the rate was determined to be 8n3i10 −% substitutions per site per year, which is in agreement with the value of 8n54i10 −% described by Zanotto et al. (1996) . The rate of evolution of DEN-4 viruses in the Western hemisphere was determined with the assumption that a single strain of DEN-4 was introduced in 1981 and subsequently spread throughout the region. The rate was calculated to be 1n04i10 −$ substitutions per site per year, approximately 1n25 times faster than the rate observed in the Philippines. The rapid spread of DEN-4 viruses throughout South America and the subsequent replication in a large susceptible population of hosts and vectors could account for the higher rate of evolution when compared to the Philippines. Prior to phylogenetic analysis, DEN-4 virus nucleic acid sequences were aligned with each other and with the H-87 prototype DEN-3 virus, using the multiple sequence alignment algorithm CLUSTAL (D. Higgins, Heidelberg, Germany). Phylogenetic trees were reconstructed from the aligned nucleic acid sequence using algorithms based upon parsimony [programs PAUP (D. Swofford, Champaign, Ill., USA) and DNAPARS in PHYLIP (J. Felsenstein, University of Washington, Wash., USA)] and distance matrix\neighbour joining programs (DNADIST\NEIGHBOR in PHYLIP). Bootstrap resampling analysis was done using the SEQBOOT program in PHYLIP. The resulting phylogenetic trees revealed two genetic lineages (genotypes) among DEN-4 serotype viruses (Fig. 1 b) . Genotype-1 contains DEN-4 viruses from the Philippines, Thailand and Sri Lanka, whereas genotype-2 consists of viruses from Indonesia, New Caledonia, Tahiti, the Caribbean and South America. These two monophyletic groups were supported by doing bootstrap resampling analysis (100 and 500 replications ; 80 %) and by generating phylogenetic trees from the translated amino acid sequences (data not shown). In all cases, the generated trees were nearly identical to the one shown in Fig. 1 b, with each of the DEN-4 genotypes remaining monophyletic. The phylogram is also in agreement with that published by Chungue et al. (1995) in which DEN-4 viruses from the Philippines, Sri Lanka and Malaysia were placed in a separate lineage from viruses from Indonesia, the South Pacific and the Western hemisphere. In our analysis, which includes additional viruses and the complete E gene sequence, the sequence divergence between the major branches is 6 %, which confirms the existence of two monophyletic lineages.
The existence of two genotypes of DEN-4 is also in agreement with a previously published report in which PRNT data and RNA fingerprinting demonstrated that the Dominica DEN-4 virus was genetically and antigenically distinct from Southeast Asian DEN-4 viruses (Henchal et al., 1986) . To determine if this antigenic difference exists among other viruses from the Caribbean and South America, 10 viruses were tested by PRNT assay, using reference antisera prepared against strains H-241 (genotype-1) and 814669 (genotype-2). As previously shown, antisera against the Caribbean virus are able to neutralize viruses from both genotypes to a similar extent (Table 2 ). In contrast, antisera prepared against H-241 prototype virus possesses a 4-8-fold lower neutralization titre against all genotype-2 viruses, with the exception of the Indonesia 1973 virus. The data indicate that there exists an antigenic difference between the two genotypes, and that the two genotypes can readily be distinguished by PRNT assay.
Analysis of the aligned amino acid sequence reveals six sites where genotype-1 viruses differ from genotype-2 (positions 46, 265, 384, 429, 455 and 494) . The amino acid differences at positions 46 and 265 would be unlikely candidates to explain an antigenic difference between the genotypes because these changes are conservative and do not occur in regions of the E protein thought to be exposed on the surface of the virion (Rey et al., 1995) . Amino acids 429, 455 and 494 are located either within (455 and 494), or adjacent to the transmembrane portion of the E protein, and would not be predicted to play any role in antigenicity. The amino acid difference most likely responsible for the observed difference in PRNT data would be at position 384 (Asp Asn). This change occurs in the exposed portion of domain 3, which is thought to be involved in cell attachment and tropism (Rey et al., 1995) . It is noteworthy that the Indonesia 1973 virus (genotype-2) possesses the same amino acid at this position (Asp) as do genotype-1 viruses. This may explain why this virus is neutralized by H-241 sera with a titre similar to that of genotype-1 viruses in the PRNT assay ( Table 2) .
The phylogram suggests that DEN-4 viruses from Indonesia spread to the Pacific Islands and were subsequently introduced into the Western hemisphere in 1981, a pattern similar to that which also appears to have occurred with DEN-3 viruses (Lanciotti et al., 1994) . The subsequent spread of DEN-4 viruses into a large susceptible population throughout South America may explain the greater rate of evolution observed when compared to the Philippines. Zanotto et al. (1996) postulate that this geographical spread of dengue viruses will result in an increase in virus evolution, which may in turn generate more virulent strains. Also of concern is the fact that as evolution progresses and antigenic differences become manifest, protective immunity to DEN-4 viruses may diminish. Continued surveillance of DEN-4 virus movement along with molecular analyses of emerging viruses are therefore essential public health initiatives.
